Résumé.-Les neutrons polarisés sont un outil unique pour étudier l'état électro-nique des terres rares et de leurs composés. Les neutrons à courte longueur d'onde sont particulièrement adaptés vu les problèmes d'extinction et vu aussi l'extension spatiale du facteur de forme dans l'espace réciproque. C'est à travers la densité d'aimantation, qui elle,est directement "vue" par les neutrons, que l'on détermine l'état fondamental de la terre rare. On le compare ensuite avec les résultats de calculs provenant de modèles où sont inclus champ cristallin et échange. Ces comparaisons ont montré la nécessité dans certains cas d'inclure dans le mécanisme d'échange des termes d'ordre supérieur qui vont au delà de l'approximation du champ moléculaire. Un moment magnétique dû à la polarisation des électrons 5d par le moment 4f a aussi été mis en évidence. Il a pour origine des interactions avec le spin des électrons 4f, mais aussi avec leur orbite. Dans le cas des terres rares anormales où cette aimantation 5d joue un rôle primordial, les expériences de neutrons polarisés sont essentielles pour comprendre leurs propriétés.
Introduction
The lanthanide series provides a large field of investigation for the study of magnetism. The magnetic properties of the rare earth ions are due to the inner incomplete 4f shell, whose electrons are tightly bound inside outer closed shells. An important associated screening by outer electrons makes the influence of the environment rather weak. As a result, the Coulomb correlation energy of the 4f electrons requires a localized description, even in metals, and the ground state is given by Hund's rules. Also, the perturbation of the crystalline electric field (CEF) is small compared to the spin-orbit coupling. Thus the ions are described in terms of a total angular momentum J.
Among the methods used for a study of rare earth magnetism, the direct observation of the spatial distribution of the magnetization density is very meaningful. This microscopic approach can provide a direct picture of the state of the 4f ion which results from competition between CEF and magnetic interactions. Furthermore the magnetization density measurement is the only way to reach arid to analyze the additional contribution which is due to the conduction electrons. This density, present in metals and alloys, is more delocalized than that of the 4f one, and mediates indirect magnetic interactions.
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. 4f form f a c t o r : Measurements and formalism

Neutron s c a t t e r i n g allows t h e measurement of t h e magnetic s t r u c t u r e f a c t o r s ~!.c($)
which a r e t h e F o u r i e s components of t h e magnetization density. For accurate measurements of small FM(H), polarized neutrons a r e needed : t h e e s s e n t i a l advantage of t h i s technique a r i s e s from t h e i n t e r f e r e n c e term occurring between nuclear and magnetic s c a t t e r i n g . Moreover, t h e measurement of t h e f l i p p i n g r a t i o R (R = I+/I-), between s c a t t e r e d i n t e n s i t i e s f o r t h e two possible nputroq polariz a t i o n of t h e beam, y i e l d s d i r e c t l y t h e value of t h e r a t i o y = FM(H)/FN(H) without any normalization f a c t o r .
When considering measurements of r a r e e a r t h form f a c t o r s , e s p e c i a l l y i n a l l o y s o r compounds, some s p e c i f i c experimental d i f f i c u l t i e s emerge : i ) Due t o t h e high l o c a l i z a t i o n of t h e magnetization d e n s i t y , t h e form f a c t o r i s g r e a t l y expanded i n r e c i p r o c a l space.
I n order t o get a s u f f i c i e n t s e t of observations, measurements of Bragg r e f l e c t i o n s a t l a r g e s i n B / A values a r e needed which can only be obtained with neutrons of short wavelength.
i i ) The accuracy of polarized neutron experiments i s e s s e n t i a l l y limited by e x t i n c t i o n phenomena. Moreover, rare-earth compounds a r e o f t e n b r i t t l e and it i s not possible t o reduce e x t i n c t i o n e f f e c t s by induced mechanical s t r a i n i n g of t h e samples. To overcome t h i s d i f f i c u l t y , megsurements of f l i p p i n g r a t i o s a r e performed a t several short wavelengths (between 0.9 A and 0 . 4 1) which minimizes e x t i n c t i o n e f f e c t s .
Furthermore e x t r a p o l a t i o n of t h e d a t a t o X = 0 permits t h e determination of e x t i n c t i o n f r e e values.
i i i ) Another l i m i t a t i o n i n t h e accuracy of t h e measurements of t h e magnetic s t r u c t u r e f a c t o r s FN(H) = yFN(8) a r i s e s from t h e l a c k of exact knowledge
of t h e huclear s t r u c t u r e . I n ~a r t i c u l a r , it is e s s e n t i a l t o determine t h e s c a t t e ring length of t h e rare-eakth nucleus, value which may be a f f e c t e d by t h e proximity of resonant absorption peaks, and by nuclear p o l a r i z a t i o n :
Besides t h e value of bo which o f t e n i s not well known, t h e r e a r e e x t r a terms which a r e wavelength dependent. These can be calculated from absorption d a t a , using t h e Breit-Wigner [ I ] formulae. Moreover, t h e very l a r g e hyperfine f i e l d s a t t h e rare-earth n u c l e i , which o r i g i n a t e from t h e l a r g e e l e c t r o n i c o r b i t a l contributions, can po+larize, even a t 4.2K, a s i z e a b l e p a r t fN of t h e nuclear moment i f t h e nuclear s p i n I d i f f e r s from zero. This ~o l a r i z a t i o n leads t o coherent s c a t t e r i n g a r i s i n g from t h e nuclear pseudomagnetic term.
I n summary, measurements a t d i f f e r e n t and s h o r t wavelengths appear t o be very important i n order t o complete t h e measurements and t o t r e a t e x t i n c t i o n . It i s worth noticing a l s o , t h a t f o r important magnetic elements such a s samarium and gadolinium, absorption i s considerably reduced a t short wavelengths. This allows measurements on r e l a t e d compounds t o be performed with n a t u r a l elements. The f a c i li t i e s a v a i l a b l e a t t h e IJ.L, thanks t o t h e hot source, have stimulated numerous s t u d i e s . b) _F_p_n"-a_:ism of atomic 4f form f a c t o r s
The localized character of t h e 4f e l e c t r o n s permits atomic c a l c u l a t i o n s t o be used f o r t h e i r d e s c r i p t i o n . I n t h e case of rare-earth ions, t h e magnetic s c a t t e r i n g involves both spin and o r b i t contributions. The spin-orbit coupling being l a r g e compared t o CEF i n t e r a c t i o n s , t h e i o n must be described i n terms of a t o t a l angular momentum 3. The perturbing e f f e c t of a c r y s t a l f i e l d o r a magnetic f i e l d i s t o remove t h e 2J+1 degeneracy of t h e ground m u l t i p l e t , The wave-functions a r e given as -f
With t h i s hypothesis, t h e c a l c u l a t i o n of t h e magnetic amplitudes FM may be + performed by t h e tensor-operator method [2,3], using Racah algebra. The vector FM i s given by i t s s p h e r i c a l components FG, F M~, FM-,.
K" ,.
I n t h i s formula Y (H) depends on t h e two angles 0 and Q which represent Q" t h e d i r e c t i o n of t h e s c a t t e r i n g v e c t o r 3. A(K1',K') and B(K",K1) represent respect i v e l y t h e o r b i t a l and t h e s p i n contribution t o t h e s c a t t e r i n g . They can be c a l c u l a t e d using tabulated c o e f f i c i e n t s f o r t h e r a r e e a r t h s [41 and t h e r a d i a l i n t e g r a l s This i s t h e case, o r nearly, i n most of t h e experimental s i t u a t i o n s E51.
3 . Electron, s p i n and magnetization d e n s i t i e s W e examine i n t h i s s e c t i o n , t h e s o r t of r e s u l t s which neutron experiments can p r o v i d e i n t h e case of 4f magnetism. As t h e o r b i t a l momentum L generally d i f f e r s from zero, d i f f e r e n t o r b i t a l s a r e involved. I n a d d i t i o n , t h e o r b i t a l moment being unquenched, a n important c o n t r i b u t i o n t o the moment appears and i t s l o c a l i z a t i o n d i f f e r s from t h a t of a spin density. Also, t h e l a r g e value of t h e spin-orbit coupling implies t h a t t h e spin-density is a combination of d i f f e r e n t spin-states. Thus, i n general, t h e magnetization density d i f f e r s from t h e s p i n d e n s i t y and t h e l a t t e r , unlike t h e case of 3d e l e c t r o n s , i s a l s o d i f f e r e n t from t h e e l e c t r o n i c density. However, i n t h e case of gadolinium where t h e 4f s h e l l i s half f i l l e d , these 3 d e n s i t i e s a r e equivalent. 
gadolinium metal C61, t h e r a d i a l dependence of t h e 4f d e n s i t y appears t o be s i g n i f i c a n t l y expanded with respect t o c l a s s i c a l Hartree-Fock c a l c u l a t i o n s 171. A good agreement can only be achieved using r e l a t i v i s t i c methods [81 (Dirac-Fock). The expansion of t h e 4f r a d i a l d e n s i t y has been explained a s an i n d i r e c t r e l a t iv i s t i c e f f e c t , t h e r e l a t i v i s t i c contraction of t h e core e l e c t r o n s r e s u l t i n g i n a more e f f e c t i v e screening of nuclear charge. These r e l a t i v i s t i c c a l c u l a t i o n s 191 appear t o be t h e b e s t adapted t o a l l t h e o t h e r s t u d i e s of r a r e e a r t h form f a c t o r s where a comparison have been performed.
A l a r g e o r b i t a l contribution t o t h e magnetic moment i s associated with an open 4f s h e l l . The o r b i t a l magnetization d e n s i t y which corresponds t o a moment created i n s i d e t h e e l e c t r o n o r b i t a l s i s more localized than t h e s p i n density.
As a f i r s t approximation both these d e n s i t i e s can be assumed t o be s p h e r i c a l l y symmetrical (dipole approximation). Considering only t h e s p h e r i c a l term i n t h e r e l a t i o n ( 3 ) , leads t o where t h e values of t h e c o e f f i c i e n t s c2 which c h a r a c t e r i z e each i o n a r e tabulated i n t a b l e I. Figure 1 where rare-earth form f a c t o r s measured i n d i f f e r e n t RA112 a l l o y s appear. For R elements of t h e f i r s t half t h e form f a c t o r i s more expanded than f o r elements of t h e second h a l f . I n f a c t , when J = L-S, t h e t o t a l magnetization d e n s i t y r e s u l t s from a p a r t i a l c a n c e l l a t i o n between t h e o r b i t a l d e n s i t y (more localized) and t h e spin d e n s i t y ( l e s s l o c a l i z e d ) . This behaviour i s emphasized i n t h e case of samarium where S = 512 and L = 5. The values of t h e spin and o r b i t a l moments a r e very c l o s e : t h e form f a c t o r e x h i b i t s a maximum f o r a value of s i n 0 / h which i s d i f f e r e n t from zero [ l o , 11 1 (Figures Id and 2 ). I n Sm Co5 1121 a t 4.2K t h e S m moment has a dominant o r b i t a l character and reaches 0.38 ". An i n t e r e s t i n g property i s observed b-hich e s s e n t i a l l y r e s u l t s from a mixing of higher J m u l t i p l e t s i n t o t h e ground m u l t i p l e t : t h e form f a c t o r i s l a r g e l y temperature dependent. When excited l e v e l s , presenting a dominant s p i n character, become populated, t h e pealc shape of t h e S m form f a c t o r i s enhanced. A t 300 K, t h e S m moment has decreased t o 0.04 VB. A cross-over temperature, a t which t h e s p i n moment exactly cancels t h e o r b i t a l moment, has been calculated t o occur a t 350K. A s t h e coupling between t h e cobalt moment (which i s almost a spin moment) and t h e r a r e e a r t h s p i n i s always antiferromagnetic below t h i s temperature SmCog i s a ferromagnet and above t h i s temperature, it i s a ferrimagnet.
The o r b i t a l contribution d r a s t i c a l l y changes t h e s p a t i a l extension of t h e magnetization density compared t o t h e case of s p i n density only. Therefore t h e form f a c t o r s f o r r a r e e a r t h elements with an o r b i t a l moment a r e more expanded i n t h e r e c i p r o c a l space than t h e Gd form f a c t o r . Also, t h e form f a c t o r s a r e d i f f e r e n t from l i g h t and heavy rare-earths. This property i s i l l u s t r a t e d i n
c> Anisotropies of t h e s p i n and magneLization d e n s i t i e s The angular dependence of t h e 4f e l e c t r o n s must be described, a s already mentioned, on t h e IJM > b a s i s , t h e elements of which a r e not s p h e r i c a l l y symmetrical. I n t h e simple case of only one e l e c t r o n i n t h e 4f s h e l l (Ce3+ ion) t h e a s p h e r i c i t y i s extreme and i s i l l u s t r a t e d below. The 1513 H > wave function r e s u l t s from t h e coupling of a n o r b i t a l moment 2, = 3 and of a s p i n s = 1/2 leading t o a t o t a l moment
The corresponding angular p r o b a b i l i t y of occupation i s shown a s a polar diagram i n f i g u r e 3 . I n t h e case of cerium i t i s equivalent t o t h e angular p a r t of t h e magnet i z a t i o n density. Very d i f f e r e n t angular dependences a r e associated with t h e SIN(THETAl/LAH (A-11 
The dashed l i n e corresponds t o t h e s a t u r a t e d s t a t e 15/2,5/2>
and t h e f u l l l i n e t o t h e l e v e l scheme. d i f f e r e n t s t a t e s , and consequently d i f f e r e n t form f a c t o r s (Fig. 4) . The s p i n d e n s i t i e s which a r e a l s o represented i n Figure 3 a r e , a s already mentioned, d i f f e r e n t from e l e c t r o n and magnetization d e n s i t i e s .
With l a r g e exchange i n t e r a c t i o n s , t h e r a r e e a r t h ions a r e i n t h e i r saturated s t a t e IJJ>. The d e n s i t y e x h i b i t s a x i a l symmetry, and i s e i t h e r elongated (prolate) o r contracted (oblate) along t h e symmetry a x i s . I n such a case (Fig. 5 ) The a s p h e r i c i t i e s of t h e magnetization d e n s i t y f o r t h e I J J > s t a t e s of t h e raree a r t h elements obtained by considering only second order t e r n s a r e summarized i n Table I . They a r e compared t o those of t h e s p i n density and t o those of t h e e l e c t r o n density a s deduced from t h e s i g n of t h e Stevens c o e f f i c i e n t s . The a s p h e r i c i t i e s of spin and magnetization d e n s i t i e s may d i f f e r due t o t h e influence of t h e orbitalmoment.
T h e a s p h e r i c i t i e s of s p i n and e l e e t r o n d e n s i t i e s a r e t h e same f o r l i g h t rare-earths andopposite forheavy rare-earths. A s a f i r s t approximation t h e spin density r e f l e c t s t h e e l e c t r o n density, but f o r heavy r a r e e a r t h s where t h e 4f s h e l l i s more than h a l f -f i l l e d i t i s r e p r e s e n t a t i v e of unpaired electrons.
4. 4f form f a c t o r and 4f wave function I n t h i s s e c t i o n we g i v e some examples t o show how t h e 4f form f a c t o r i s connected t o t h e 4f e l e c t r o n wave-function which, i n t u r n , r e f l e c t s exchange and CEF i n t e ractions.
A t low temperatures, t h e observed form f a c t o r i s c h a r a c t e r i s t i c of t h e ground s t a t e which i s t h e only s t a t e populated. I n rare-earth metals where t h e c r y s t a l l i n e symmetry i s hexagonal, dominant exchange i n t e r a c t i o n s determine t h e ground s t a t e t o be t h a t of t h e saturated ion I JJ > a s already mentioned.
The magnetization d e n s i t y and t h e r e f o r e t h e associated form f a c t o r have a cylind r i c a l symmetry with respect t o t h e magnetization a x i s . The magnetic amplitudes measured i n t h e e q u a t o r i a l plane e x h i b i t a smooth decrease versus s i n B / X [13,141. The a s p h e r i c i t y of t h e magnetization d e n s i t y was shown d i r e c t l y i n t h e case of T m metal 1141 (where i t is o b l a t e ) by measurements of Bragg r e f l e c t i o n s out of t h e equatorial plane. It i s worth noticing, although never experimentally measured, t h a t i n such a case, due t o t h e strong spin-orbit coupling, t h e magnetization d e n s i t y would r e o r i e n t a t e along any d i r e c t i o n under an applied magnetic f i e l d high enough t o overcome magnetocrystalline anisotropy. This i s unlike t h e case of 3d magnetism, where very l a r g e c r y s t a l -f i e l d e f f e c t s determine t h e 3d o r b i t a l s and lead t o a quenching of t h e o r b i t a l moment. The magnetic moment f r e e l y o r i e n t a t e s along an applied f i e l d without modification of t h e spin-density.
When t h e exchange i n t e r a c t i o n s a r e weak, t h e s t a t e s of t h e 4f e l e c t r o n s a r e e s s e n t i a l l y determined by c r y s t a l f i e l d e f f e c t s . I n TmSb, where exchange i n t e r a c t i o n s can be neglected, t h e ground s t a t e i s a non-magnetic s i n g l e t 1151. A magnetic moment of 1.2 UB i s induced by a n applied magnetic f i e l d of 12.5 kOe. As expected i n cubic symmetry f o r a low f i e l
d , t h i s value does not depend on t h e f i e l d d i r e c t i o n . However, t h e magnetization density e x h i b i t s 4-fold o r 2-fold symmetry depending on whether t h e f i e l d is applied along 11001 o r [110]. This leads, a s observed by LANDER e t a l . 1161 t o d i f f e r e n t a n i s o t r o p i e s of t h e Tm form f a c t o r f o r d i f f e r e n t f i e l d direct i o n s . I n many cases, c r y s t a l f i e l d and exchange i n t e r a c t i o n s a r e competing. The l a r g e r t h e c r y s t a l l i n e e l e c t r i c f i e l d compared t o t h e exchange i n t e r a c t i o n s , t h e more c l o s e l y w i l l t h e symmetry of t h e magnetization density r e f l e c t t h e c r y s t a l symmetry. A t y p i c a l example i s t h a t of cerium where t h e r e i s only one e l e c t r o n on t h e 4f s h e l l and t h e magnetization d e n s i t y may be highly anisotropic. The form f a c t o r measured i n theLavesphase compound CeAR2 1171 a t 1.5K under an applied f i e l d of 46 kOe p a r a l l e l t o [110] i s shown i n Fig. l a . The points a r e considerably s c a t t e r e d and reveal a p r o j e c t i o n of t h e magnetization density elongated along t h e 2-fold a x i s i n t h e plane perpendicular t o t h e f i e l d d i r e c t i o n . Such a shape i s c h a r a c t e r i s t i c
of a r 7 -l i k e s t a t e , although t h e q u a n t i t a t i v e a n a l y s i s shows t h a t mixing with t h e r8 s t a t e of higher magnetization occurs, induced by exchange i n t e r a c t i o n s .
Analysis of t h e magnetic amplitudes a t low temperature allows a determination of t h e 4f ground s t a t e . Such s t u d i e s a r e simpler i n cubic compounds such a s RAR2 o r RZn where only R atoms a r e magnetic. Except a t low s i n B / A values,-where conduction e l e c t r o n p o l a r i z a t i o n i s present (see next s e c t i o n ) , it may be assumed t h a t only 4f magnetism c o n t r i b u t e s t o t h e observed magnetic amplitudes. A reduction of t h e 4f moment compared t o t h a t of t h e saturated s t a t e IJJ> appears systematically. This gives evidence f o r CEF mixing of d i f f e r e n t I JM> s t a t e s . The associated symmetry of t h e ground s t a t e wave function i s r e f l e c t e d i n t h e s e l e c t i o n r u l e s which determines i t : bM = n, where n i s t h e order of symmetry of t h e magnetization a x i s . For example, i n t h e cubic Laves phase NdAX2 [181, t h e easy d i r e c t i o n of magnetization i s t h e 4-fold a x i s , t h e ground s t a t e wave function may, a p r i o r i , be w r i t t e n a s :
where t h e a 's a r e t h e only unknown parameters t o be determined from t h e experiment, a s f a r a s tfZe r a d i c a l i n t e g r a l s <jg> can be taken from atomic calculations. The wave function which f i t s b e s t t h e d a t a 1s :
The o v e r a l l agreement between experimental and calculated magnetic amplitudes i s excellent (Fig. l c ) . The Nd moment deduced from t h e s e measurements reaches 2.61UB-I n RFe (cubic Laves phase) and RCo5 (hexagonal CaCu5 type s t r u c t u r e ) compounds, 5d and 4f magnetism coexist. I n t h i s case, a n a l y s i s of t h e d a t a is more complex s i n c e t h e 3d magnetic c o n t r i b u t i o n must be subtracted from t h e 4f contribution. The S m form f a c t o r measured i n SmCo5 r121 a t 4.2K i s shown i n Figure 2 . The peak shape of t h e form f a c t o r , c h a r a c t e r i s t i c of t h e S m i o n i s a s already mentioned even more pronounced than f o r t h e s t a t e 1512,512 > of maximum magnetization when considering only t h e ground m u l t i p l e t . As i n SmAi2 [I91 and SmZn [201, exchange i n t e r a c t i o n s , increase t h e s p i n contribution t o t h e magnetization moment through mixing with t h e excited m u l t i p l e t s [I 1 , 121. The wave function f i t t e d by considering only t h e f i r s t excited m u l t i p l e t J = 712 may be w r i t t e n a s :
I n NdCo5 o r HoFe2, since exchange i n t e r a c t i o n s a r e much l a r g e r than CEF i n t e ractions, t h e rare-earth form f a c t o r i s expected t o be t h a t of t h e s a t u r a t e d ion. I n f a c t , a s shown i n Fig. 6 , t h e e x t r a p o l a t i o n t o s i n O/X = 0 leads i n HoFe2 [21] [22] t o a 4f moment of 9.15 V B , t h e ground s t a t e wave function being I t i s worth noticing t h a t recent NMR measurements i n several W e 2 i n t e rm e t a l l i c s [231 a l s o revealed a reduced value of t h e ground s t a t e 4f moment.
Similarly i n NdCo5 [241, t h e Nd moment a t 4.2K i s 2.8 PB instead of 3.27 UB f o r t h e s a t u r a t e d ion giving evidence f o r a ground s t a t e which r e s u l t s from mixing
between d i f f e r e n t I JM > s t a t e s . Exchange and CEF i n t e r a c t i o n s a c t i n g on t h e rare-earth ions determine t h e 4f ground s t a t e . The exchange i n t e r a c t i o n s a r e u s u a l l y t r e a t e d i n t h e molecular f i e l d formalism a s equivalent t o a magnetic f i e l d :
.2K. This shows t h e CEP and exchange i n t e r a c t i o n s t o be c o r r e c t l y described i n t h e above formalism. On t h e o t h e r hand, t h e compound HoAR2 i n order t o account f o r t h e Ho ground s t a t e measured i n t h e polarised neutron e x p e r b e n t ( F i g . l f )
[26] would need l a r g e r values of CEF parameters than deduced from neutron spectroscopy. Such a discrepancy suggests tnar: higher-ordrer terms a r e involved i n t h e exchange i n t e r a c t i o n s . Similar behaviour i s known t o occur i n RZn [27] a l l o y s . The T m form f a c t o r i n TmZn [261 was i n t e r p r e t e d by considering quadrupolar p a i r i n t e r a c t i o n s : then, magnetization measurements i n t h e ordered s t a t e , s p i n wave e x c i t a t i o n s and Tm form f a c t o r could be accounted f o r by considering a unique s e t of CEF and exchange i n t e r a c t i o n s [ 291.
A s already described t h e r e a r e cases where t h e ground s t a t e i s not I J J > even when exchange i n t e r a c t i o n s l a r g e l y overcome CEF i n t e r a c t i o n . To account f o r t h e moment reduction i n IioFe2 [21, 22] and NdCo5 [24] would need i n t h e molecular f i e l d formalism huge values of CEF parameter, which i s u n r e a l i s t i c . Although i t has always been assumed t h a t t h e molecular f i e l d model i s an e x c e l l e n t approximation f o r interpret i n g magnetic p r o p e r t i e s , e s p e c i a l l y when l a r g e 4f-3d i n t e r a c t i o n s a r e involved, t h e r e s u l t s of form f a c t o r measurements show t h a t a s f a r a s t h e r a r e e a r t h ground s t a t e i s concerned such an approximation i s not v a l i d . Here a l s o higher order terms a r e involved i n exchange i n t e r a c t i o n s ; but i n HoFe2 and NdCog, t h e exchange i n t e ra c t i o n s involve 3d electrons f o r which t h e o r b i t a l contribution t o t h e magnetization i s small. Then biquadratic s p i n i n t e r a c t i o n s a r e very u n l i k e l y t o be so l a r g e . But t h e magnetic i n t e r a c t i o n s occur through t h e conduction band, and s i m i l a r properties may be due t o a f a i l u r e of t h e RKKY theory when t h e band magnetization i s large.
The magnetic ropert ties of t h e compound GdPIg [29] , t h e magnetic s t r u c t u r e of which i s canted [30] , can be q u a n t i t a t i v e l y understood when introducing biquadratic p a i r i n t e r a c t ions phenomenologically [31].
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JOURNAL DE PHYSIQUE 5. P o l a r i z a t i o n of t h e conduction e l e c t r o n s a ) Evidence f o r a conduction e l e c t r o n p o l a r i z a t i o n I n most of t h e above cases, where t h e experimental magnetic amplitudes have been compared t o those calculated f o r a 4f e l e c t r o n configuration, a s i g n i f i c a n t discrepancy was present f o r t h e low angle r e f l e c t i o n s . This shows t h a t t h e r e e x i s t s i n t h e c e l l a magnetization d e n s i t y which has not a 4f character and p a r t i c u l a r l y , which i s not a s localized around t h e nuclei. This i s a l s o apparent i n r e a l space where some magnetization d e n s i t y , f a r from t h e Nd nuclei,can be seen, a s , f o r example, i n t h e p r o j e c t i o n along t h e [001] a x i s of NdAR2 (Fig. 7a) . Fig. 7 : Projection of t h e magnetization density (p3/i2) f o r d i f f e r e n t r a r e e a r t h Laves phases a ) t o t a l density i n NdAL2, e x t r a density i n b) NdAx2, c ) CeAR2, d) Ho Fe2.
One can then consider t h e e x i s t e n c e of 2 c o n t r i b u t i o n s t o t h e magnetic amplitudes : one due t o t h e 4f e l e c t r o n s and another one r e s u l t i n g from t h e polar i z a t i o n of t h e conduction e l e c t r o n s . It i s p o s s i b l e however t o s e p a r a t e t h e s e 2 c o n t r i b u t i o n s without making any assumption on t h e e x a c t shape of t h e 4f e l e c t r o n form f a c t o r . Such a s e p a r a t i o n i n i t i a t e d by NOON e t a l . i n m e t a l l i c Gd 161, i s based on t h e d i f f e r e n t l o c a l i z a t i o n s expected f o r t h e 2 types of magnetization : a d i s t i n c - Consequently t h e magnetic s t r u c t u r e f a c t o r s a r e t h e sum of 2 magnetic c o n t r i b u t i o n s :
Mextra where FM i s assumed t o vanish v e r y r a p i d l y w i t h s i n 6/h due t o t h e poor e x t r a l o c a l i z a t i o n of mextra(f).
The FM c o n t r i b u t i o n s t o t h e f i r s t Bragg r e f l e c t i o n s l o c a r e determined a s t h o s e which g i v e a magnetization d e n s i t y mloc(?), a s c l o s e t o zero a s p o s s i b l e between t h e r a r e e a r t h atoms.
Table I1 d i s p l a y s t h e v a l u e s of F
M~~~ determined f o r t h e f i r s t Bragg r e f l e ct i o n s of NdA9.2, and compares them w i t h t h e s t r u c t u r e f a c t o r s FM c a l c u l a t e d by 4f considering t h e 4f e l e c t r o n c o n t r i b u t i o n only and t h e wave f u n c t l o n a s determined previously ( s e c t i o n 4.b). The two methods, t h e f i r s t based on t h e l o c a l i z a t i o n c r i t e r i o n only, and t h e second assuming t h e knowledge of t h e 4f form f a c t o r , g i v e v e r y s i m i l a r r e s u l t s . The conduction e l e c t r o n c o n t r i b u t i o n s a r e then obtained by simple s u b t r a c t i z n .
I n t h e c a s e of NdAL2 t h e s e c o n t r i b u t i o n s become v e r y small above s i n 6 /A = 0.35 A-I.
b) WhiGh-~lgGt~2~~-~2!!L~if!~-tg-tO-thg-g~t25-~2g:gti~~tjon
The conduction e l e c t r o n magnetization d e n s i t y mextr3($) i s obtained by a simple F o u r i e r transform of t h e s t r u c t u r e f a c t o r s : F Thls d e n s i t y i s represented Mextra' i n F i g u r e 7 f o r 3 compounds having t h e same c r y s t a l s t r u c t u r e : NdAR2 , CeAL2 and HoFe2. I n t h e case of NdAR2, it i s a l s o cornpared t o t h e t o t a l magnetization denslty. As expected, some d e n s i t y m,tra(r) i s present f a r from t h e r a r e e a r t h n u c l e i . This l o c a l i z a t i o n i s f a r l e s s than t h a t of t h e 4f moment a s seen i n f i g u r e s 7a and 7b.
The s p a t i a l extension of the e x t r a magnetization d e n s i t y is very s i m i l a r f o r t h e d i f f e r e n t compounds. For t h e 3 compounds of f i g u r e 7, i t i s s t r i k i n g . This implies t h a t f o r t h e d i f f e r e n t compounds, t h e same e l e c t r o n i c s h e l l i s ~o l a r i z e d by t h e 4f moment. One can then compare t h i s magnetization density t o t h a t r e s u l t i n g from atomic c a l c u l a t i o n s , and p a r t i c u l a r l y t o t h a t of t h e 5d s h e l l . However t h e 5d e l e c t r o n s a r e very s e n s i t i v e t o t h e i o n i c i t y of t h e r a r e e a r t h atom : according t o Desclaux [ 3 2 ] , t h e 5d electrons a r e almost f r e e i n t h e n e u t r a l atom R0 while i n t h e t r i p o s i t i v e i o n R3+ they a r e f a i r l y localized. The experimental 5d form f a c t o r i s intermediate between these 2 extreme cases (Figure 8 ). It i s t h e r e f o r e possible t o consider t h e conduction electrons which a r e polarized by t h e 4f moments a s essent i a l l y atomic 5d electrons. But, f o r these e l e c t r o n s , t h e e x t r a p o t e n t i a l r e s u l t i n g from t h e i o n i z a t i o n of the r a r e e a r t h atom i s p a r t i a l l y screened. 3) Sign and magnitude of t h e 5d p o l a r i z a t i o n I n a l l t h e cases of rare-earth metals o r rare-earth compounds where t h e magnetization d e n s i t y has been investigated, with the s o l e exception of cerium compounds, t h e magnetization of t h e conduction electrons i s p a r a l l e l t o t h e s p i n S of t h e 4f s h e l l . It r e s u l t s i n a negative magnetization f o r t h e f i r s t half of t h e rare-earth where J = L-S, and a ~o s i t i v e magnetization f o r t h e second half where J=L+S. This underlines the r o l e of t h e 4f s p i n a s a driving f o r c e t o p o l a r i z e t h e conduction e l e c t r o n s and suggests t o s c a l e t h e 5d magnetization t o t h e spin : = a i Sz >. As t h i s simple law does not f i t t h e experimental d a t a , i t has been proposed by BELOXIZSKY,NIEZ and LEVY 1333 t o include t h e 4f o r b i t i n t h e driving mechanism : M5d = a < SZ > + B < L z > . Table I11 shows t h a t s a t i s f a c t o r y agreement can be obtained f o r t h e RAE2 s e r i e s . Table 111 : Magnitude of t h e conduction e l e c t r o n p o l a r i z a t i o n (u*). The s i t u a t i o n is reversed i n cerium compounds where t h e 5d magnetization i s p a r a l l e l t o the 4f moment although J = L-S. I n t h i s case, t h e exchange mechanism with conduction e l e c t r o n s i s d i f f e r e n t . Schrieff e r and Wolf [341 have shown t h a t besides t h e normal contact i n t e r a c t i o n which is p o s i t i v e f o r a l l t h e rare-earth atoms, t h e r e e x i s t s f o r cerium a resonant exchange, negative and l a r g e r than t h e normal exchange. This negative exchange, which explains r e s i s t i v i t y anomalies and Kondo behaviour i n cerium compounds, i s d i r e c t l y confirmed by neutron d i f f r a c t i o n .
I n addition, t h e d i f f e r e n t values of t h e 5d p o l a r i z a t i o n a r e associated with d i f f e r e n t behaviour, observed i n several cerium compounds. For instance, i n t h e Kondo system CeAQ2, t h e 5d p o l a r i z a t i o n represents 20 X of t h e 4f moment. On t h e other hand, a t low temperature i n CeSn3 1351 , t h e 5d p o l a r i z a t i o n i s equal t o t h e 4f moment (Figure 9 ) , which confirmed t h e mixed valence character of t h i s compound. However, t h i s p o l a r i z a t i o n decreases a t higher temperatures and above 40K i t has p r a c t i c a l l y disappeared. Such a thermal v a r i a t i o n i s not f u l l y understood f o r t h e moment. Other s t u d i e s of t h e s e phenomena should help f o r t h e understanding of t h e complex magnetic p r o p e r t i e s i n both Kondo and mixed valence systems.
